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Abstract
We have studied transport and magnetotransport properties of the heterostructure consisting
of the ferroelectric Ba0.8Sr0.2TiO3 film deposited on the single crystalline manganite LaMnO3.
Two-dimensional electron gas arising at the interface transforms the interface region of the anti-
ferromagnetic manganite to the ferromagnetic state with the reoriented magnetic moments. We
obtained that the contribution of these ferromagnetic regions to the resistance of the heterostruc-
ture appears to be dependent on the external magnetic field applied perpendicularly to the interface
(and parallel to c-axis of the ferromagnetic state of LaMnO3). We believe that the decrease of the
resistance of the studied heterostructure under the influence of the external magnetic field is caused
by an appearance of the ferromagnetic order in the interface area. This leads to a relatively small
resistance. In turn, the cycling of the applied magnetic field leads to the increase of the regions
of the ferromagnetic order and, as a result, to decreasing scattering of the current carriers at the
ferromagnetic disordering.
PACS numbers: 85.75.-d, 74.45+c, 74.25.Nf, 74.78.Fk.
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The last few decades the problem of an interface between two layers with competing prop-
erties such as nonmagnetic oxides with ferroelectric oxide, antiferromagnetic oxide with fer-
roelectric oxide, attracts considerable attention (see, e.g,1). A high mobility two-dimensional
electron gas (2DEG) was first observed at the interface between LaAlO3 and SrTiO3 in 2004
2.
Antagonistic electronic properties of contacting materials leads to unusual properties of the
interface including the appearance of 2DEG gas or even superconductivity3–5 and consid-
erable changes in a magnetic state within few monolayers in the vicinity of the interface.
The 2DEG was also found at the interface between magnetically ordered Mott insulators
and, in particular, ferromagnetic (RE)TiO3 with RE=Gd
6, Sm7 and La8 with highest den-
sity of the current carriers. Later on, the 2DEG formation was found in Nd(Pr)AlO3
9
and LaGdO3/SrTiO3
10 heterostructures. The 2DEG states were also reported at interfaces
between other nonmagnetic insulators, e.g., KTaO3/SrTiO3
11 and CaZrO3/SrTiO3
12.
It is commonly believed that the local polarity of (LaO)+1 and (AlO2)
−1 layers play
an important role in the formation of the 2DEG in the LaAlO3/SrTiO3 heterostructure.
Bearing that in mind, we have chosen Ba0.8Sr0.2TiO3/LaMnO3 heterostructure for our study.
Ba0.8Sr0.2TiO3 exhibits the ferroelectric polarization caused by the shift of Ti
+4 ions from
the center of the oxygen octahedron and the LaMnO3 manganite is an antiferromagnetic
insulator.
In our previous paper13 we have studied the temperature dependence of the resistivity
of the heterostructure with the ferroelectric Ba0.8Sr0.2TiO3 film on the surface of the single
crystalline LaMnO3 with the axis of polarization of ferroelectric perpendicular to the surface
of the single crystalline LaMnO3. The electrical resistance decreases significantly with the
lowering of the temperature below 165 K indicating the metallic behaviour. The metallic
behaviour of the resistance was observed only in samples where polarization of ferroelectric
film was perpendicular to the interface13. This indicates that indeed the abrupt change
of the perpendicular to the interface component of polarization causes the formation of
the 2DEG at the interface. Therefore, we can expect that the appearance of the charge
carriers at the interface with LaMnO3 gives rise to the local ferromagnetic state
15–17. Note,
that the creation of the highly conducting and even superconducting layer on the interface
between ferroelectric Ba0.8Sr0.2TiO3 film and antiferromagnetic La2CuO4 recently has been
demonstrated in Ref.14.
It is well known that manganites undergo the transition to metallic state with doping. For
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example, when strontium (Sr) is substituted to LaMnO3 instead of La, the samples demon-
strate the metallic behavior at relatively low temperatures with a strontium concentration
more than 17%. Essentially, the metallic state is ferromagnetic. The ferromagnetism is
caused by an indirect ferromagnetic exchange through the current carriers. Therefore, when
free carriers appear at the interface leading to a metallic state, we expect that this state
will have ferromagnetic properties. This occurs due to a strong ferromagnetic interaction
through free current carriers with high concentration at the interface layer. The ferromag-
netic properties of this 2DEG should be sensitive to the applied magnetic field.
Thus, the goal of our work is to detect the magnetoactive properties of the conduc-
tive states at the interface. Since the interface layer is very thin, we expect that the
measurements of the ferromagnetic properties of the interface against the background
LaMnO3 bulk substrate is a difficult task. Therefore, it is better to use samples when the
Ba0.8Sr0.2TiO3/LaMnO3 heterostructure is realized in the form of sequentially deposited
LaMnO3 and Ba0.8Sr0.2TiO3 films. This is a project for further advance of our research.
In the present studies, we used samples that we have, in which a Ba0.8Sr0.2TiO3 film was
deposited on top of a LaMnO3 single crystal. We study the effect of a magnetic field on the
temperature dependence of the resistance of these samples. We are primarily interested in
how the magnetic field manifests itself at low temperatures, because the low temperature
properties of the heterostructure are most strongly modified by the existence of the 2DEG
at the interface.
Usually researches in this field are performed using the deposition process controlled
with very high accuracy, i.e. at a level of few percent of an atomic monolayer or better.
These heterostructures have atomically flat and clean surfaces and interfaces. In the present
work we have studied in details the magnetic field and temperature dependence of the
electrical resistance of the heterostructure which contains the ferroelectric Ba0.8Sr0.2TiO3
film deposited on the ab surface of the single crystalline manganite LaMnO3. In accordance
with the AFM measurements the surface of the single crystalline LaMnO3 has roughness
of the order of 2 nm on 200-300 nm distance before the Ba0.8Sr0.2TiO3 film was deposited.
Because we observe the strong suppression of the resistance at low temperatures in our
heterostructure therefore, the requirement of the high-quality interface is not absolutely
necessary. We would like also to underline that using a ferroelectric material as an upper
layer of the heterostructure opens the possibility to control the properties of heterostructures
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by switching the polarization in the ferroelectric layer.
Single crystalline substrates of antiferromagnetic LaMnO3 were prepared by floating-
zone crystal growth method. The samples were mechanically polished. Then they were
placed into the sputtering chamber where they were covered by 350 nm thick ferroelectrical
Ba0.8Sr0.2TiO3 layer. Before the deposition process of Ba0.8Sr0.2TiO3 on the top of LaMnO3
single crystal, the LaMnO3 surface was cleaned with an argon plasma etching. The thin film
of Ba0.8Sr0.2TiO3 was deposited in oxygen atmosphere at 650 C and partial pressure of oxygen
of 0.7 Torr by rf sputtering of polycrystalline target of corresponding composition18–20. The
X-ray diffraction studies of our heterostructure have demonstrated that the ferroelectric
BSTO film is epitaxial with c-axis of spontaneous polarization directed perpendicular to the
interface. Note that the critical temperature of the ferroelectric transition TC ≈ 540 K
18
which corresponds to the ferroelectric transition temperature for thick epitaxial BSTO films.
The electrical resistance measurements were performed using dc current in a standard
four-terminal configuration. In order to measure the current and the voltage, 50 micron
golden leads were attached to the surface of the sample using silver paint. The temperature
of the sample was controlled with the Cu-CuFe thermocouple.
Fig. 1 shows the temperature dependence of the resistance of the Ba0.8Sr0.2TiO3/LaMnO3
heterostructure. In contrast to the temperature dependence of the resistance for the single
crystalline manganite where the semiconducting behavior of the resistance is observed, the
resistance of the heterostructure is decreasing with decreasing temperature demonstrating a
metallic below 165 K. Inset to Fig. 1 shows the result of the measurements of the resistivity
of the single crystalline LaMnO3 substrate. The measured temperature dependence of the
resistivity demonstrates the typical semiconducting behavior with the energy gap ∆g ∼0.3
eV which coincides well with the published data15,21,22.
The most interesting feature of our results is the accumulation effect of the magnetic field.
Fig. 2 demonstrates the first cycle of the measurements of the temperature dependence of
the resistance for different values of the external magnetic field. As it is seen from Fig.2,
the maximum in the temperature dependence of the resistance decreases with increasing of
the magnetic field and shifts to the high-temperature region. The next cycle starts from
zero field with the value of the resistance coinciding with the final value of the resistance
in the previous cycle (3 kΩ). In the third cycle the maximum of the resistance decreases
to approximately 1 kOhm, and so on. Finally, the accumulation effect of the magnetic field
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FIG. 1. The temperature dependence of resistance of Ba0.8Sr0.2TiO3/LaMnO3 heterostructure
(shown in red squares). Blue circles in the figure and in the inset show the temperature dependence
of the resistance of the single crystalline LaMnO3.
leads to the magnitude of the maximum of the resistance of the order of 0.7 kOhm. The
final result of the transformation of the temperature dependence of the resistance under the
influence of the external magnetic field is shown in Fig. 3. As it is seen from Fig. 3, the
cycling of the external magnetic field influences the resistance very strongly. The magnitude
of the maximum of the resistance decrease from 4.5 kOhm down to 0.7 kOhm. At the same
time the position of the maximum shifts from 170 to 230 K.
Further study of the magnetic field effect on R(T) curves is shown in Fig. 4. As it is seen
from this figure the field dependence of R(T) curves still exists but it is reversible. Initial
values of resistance restores after switching off the external magnetic field. The origin of
this magnetoresistance differs considerably from the observed above. It is reversible and can
be attributed to the magnetoelastic effect.
The final step of our study is the application of the external magnetic field perpendicular
to the c-axis. The results of this study are presented in Fig. 5. As it is seen from this figure,
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FIG. 2. The temperature dependence of resistance of the Ba0.8Sr0.2TiO3/LaMnO3 heterostructure
for magnetic field values shown in legend.
the temperature dependence of the resistance doesn’t depend on the external magnetic field
up to 6 kOe. Further increase of the field leads to the distortion of the R(T ) dependence.
Low temperature wing of the R(T ) curve start to rise.
The character of the temperature dependence of the resistance reveals the appearance
of metallic contribution R ∼ T to the total resistance of the Ba0.8Sr0.2TiO3/LaMnO3 het-
erostructure. The magnitude of this contribution is comparable with the total resistance of
LaMnO3. Bearing in mind
13 that the density of the 2DEG is extremely large up to (1.7 -
3.0)×1014 cm−2, one can expect that the interface area of the antiferromagnetic LaMnO3 is
strongly modified. Such observation is the most important result of the present paper.
As we know from our previous results13, a high-mobility 2DEG arises within few atomic
layers of the Ba0.8Sr0.2TiO3/LaMnO3 interface. The most common mechanism for 2DEG
is the polar discontinuity model8, which was also discussed for the case of ferroelec-
tric/dielectric interface13,23–26. The polar discontinuity at the interface leads to the di-
vergence of the electrostatic potential. In order to minimize the total energy, it is necessary
6
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FIG. 3. The temperature dependence of resistance of the Ba0.8Sr0.2TiO3/LaMnO3 heterostructure
from Fig. 1 (solid squares). The final result of the transformation of the temperature dependence
of resistance of the studied heterostructure (solid diamonds).
to shield the electric field arising from this. As a consequence, both the lattice system and
the energy spectrum of the current carriers are restructured23, and the increase of the current
carriers density occurs in a narrow interface area. This occurs in a self-consistent manner,
so that rearranging the energy spectrum of the carriers and increasing their concentration
in the interface region leads to the formation of a narrow metal region near the interface. If
we assume that the spontaneous polarization of the Ba0.8Sr0.2TiO3 ferroelectric is PS ≈ 30
µK/cm2, it gives the surface charge carrier density nS=1,875 10
14 cm−2. This concentration
allows to estimate the mobility of carriers in this highly condacting layer on the interface.
Assuming that the thickness of the 2DEG is ∆S we may estimate the 3D resistivity of
the layer ρ = RS∆Sy, where y = L/W (L is the length of the section across which the
resistance is measured, and W is the transverse width of the resistance measurements, y=
0,5-1 in our case), and and RS is resistance of heterostructure at 100 K. Therefore, assuming
that 3D charge carrier concentration in the interface layer is nS/∆S we obtain the estimate
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FIG. 4. Temperature dependence of the resistance of the heterostructure in different magnetic
fields applied perpendicular to the interface (and parallel to the c-axis of the ferromagnetic state
of LaMnO3) after many cycles of the external magnetic field.
for the mobility µ = y/RSens (e is elementary charge). Note that this estimate does not
depend on the conducting layer thickness ∆S. Our estimates give µ ≈ 10 cm
2/V s for poorly
conducting metallic state and µ ≈ 100 cm2/V s for highly conductive metallic state after
magnetic field application. The conducting layer thickness may be estimated assuming that
3D conductivity in this layer is equal to the conductivity in LaxSrxMnO3 (x = 0.17-0.30).
This yields ∆S = ρvy/RS, where ρv is the electrical resistivity of manganite in the metallic
state (ρv =6 10
−5- 2 10−4 Ohm·cm for LaxSrxMnO3 with x = 0.17-0.30 at T=100 K). As a
results, we obtain ∆S ≈ 1,5-10 nm.
De Gennes16 has analyzed the effect of the appearance of the so-called Zener carriers17 in
an antiferromagnet, which leads to a formation of a lower energy ferromagnetic configuration.
In particular, he has considered the situation of the antiferromagnetic LaMnO3 manganite.
This ”double exchange” is completely different from the usual indirect RKKY exchange.
The main property of the double exchange coupling is that it destroys the antiferromegnetic
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FIG. 5. Temperature dependence of the resistance of the heterostructure in different magnetic
fields applied parallel to the interface (and perpendicular to the c-axis of the ferromagnetic state
of LaMnO3).
spin order.
Our results are related to the fundamental physical transformation of the magnetic state
under the influence of the high density current carriers at the interface. We suppose that
before the application of the external magnetic field, the ferromagnetic regions with different
orientations of magnetic moments are formed. Applying the magnetic field perpendicular to
the interface (and parallel to the easy c axis of LaMnO3) leads to decrease of the resistance
and shifting of the maximum of R(T ) to the high-temperature side. After several cycles
of similar manipulations by an external field the temperature behavior of the resistance is
stabilized (Fig. 4) with the maximum at T=240 K and is not changed. Only a small mag-
netoresistive effect is observed (Fig. 3). The application of a magnetic field perpendicular
to the c axis of LaMnO3 manganite (c axis is the easy magnetization axis) leads to the
degradation of the highly conductive state. The resistance in the low-temperature region
increases strongly and does not show metallic behavior (see Fig. 5).
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This behavior has natural explanation. We suppose that the observed variation of the
electrical resistance is cased by the formation of the ferromagnetic order.15,21,22,27,28. At
the first stage of the modification of the ferromagnetic state the ferromagnetic regions with
different orientations of magnetic moments are formed. This leads to a relatively small
resistance. Under the application of the magnetic field the magnetic structure starts to
reconstruct and the larger in size ferromagnetic regions with uniform magnetization are
formed. As a result, the number of the scattering centers at the domain boundaries decreases,
and the electrical resistance decreases. When a whole interface region forms homogeneously
magnetized domain the ”final” temperature dependence of the resistance with the maximum
at T=240 K is observed. When the magnetic field is applied perpendicular to the c-axis of
the LaMnO3 single crystal, strong magnetostriction effects are expected in the ferromagnetic
phase of the system. The magnetic field tends to orient the magnetization in the interface
region along the field. We believe that strong stresses and distortions occur in the interface
area. These very strong distortions in this very thin layer, may partially mechanically destroy
the the interface area. This leads to substantial and irreversible increases of the resistance of
the interface. As a result, all or part of the high-conductive region is lost, and the resistance
strongly increases at low temperatures.
In our investigation, we have found the creation of a magnetic state in LaMnO3 due to
the proximity effect with a ferroelectric. The ferroelectric state may be controlled by an
electric field, therefore there is a possibility for turning ferromagnetic state off and on by the
external electric field, which changes the direction of polarization in the ferroelectric film.
This allows us to control the interface magnetic state by applying an electric field, as it was
done in the case of interface superconductivity tunable by electric field applied directly to
the interface3,29 or by electric field applied through an ionic liquid30. Therefore, it opens the
possibility to use these phenomena in the design of novel electronic devices.
We have studied the electrical properties of the heterostructure of the ferroelectric
Ba0.8Sr0.2TiO3 film deposited on the single crystalline manganite LaMnO3 under the influ-
ence of the external magnetic field. We obtained the indirect evidence for the formation of
small ferromagnetic regions near the interface.
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